Introduction {#sec1}
============

Non-small cell lung cancer (NSCLC) is one of the commonest diagnosed malignancies and remains the foremost cause of cancer-related deaths worldwide.[@bib1] Conventional therapeutic strategies of chemotherapy following surgery revealed a limited effect for advanced NSCLC patients,[@bib2]^,^[@bib3] although epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI) gefitinib has exhibited notable clinical efficacy in NSCLC patients. However, its therapeutic efficacy is ultimately limited by the development of acquired resistance.[@bib4]^,^[@bib5] Hence it is urgent to reveal the resistance mechanisms and discover a new therapeutic strategy for NSCLC treatments.

Long noncoding RNAs (lncRNAs) are a group of noncoding RNAs that in recent years have emerged as potential regulators of many cell processes.[@bib6] It is believed they have a range of functions including regulation of RNA binding proteins (RBPs), promotion of mRNA transcription, and post-transcriptional regulation through sponging of microRNAs (miRNAs).[@bib7] The oncogenic or tumor-suppressive role of lncRNAs has been demonstrated to be a participant in tumorigenesis. lncRNA UCA1 (urothelial carcinoma-associated 1) regulates the Wnt pathway through interacting with DNA, mRNA, miRNA, and protein, thus affecting the biological activities of various tumors.[@bib8] Recent reports indicated that UCA1 was also abnormally expressed in oral squamous cell carcinoma and contributed to tumor initiation through a transforming growth factor β1 (TGF-β1)-induced EMT pathway.[@bib9] Studies have found that lncRNAs are often dysregulated in cancer, although exact mechanisms are not fully elucidated. Bian et al.[@bib10] found that a UCA1-miR-204-5p-CREB1/BCL2/RAB22A regulatory network in colorectal cancer (CRC) reveals that UCA1 and CREB1 are potential new oncogenes and prognostic factors for CRC. High expression of UCA1 may be a mechanism of resistance to EGFR-TKIs. However, the function of the UCA1-miRNA-mRNA regulatory network in gefitinib resistance in NSCLC has not been investigated.

Exosomes are nanosized extracellular vesicles that transport a wide variety of molecules from nucleic acids and lipids to proteins and hormones, with crucial roles in cell communication.[@bib11] Exosomes have also been implicated in tumorigenesis through roles in mediating the tumor microenvironment, modulating the immune response, and aiding metastasis.[@bib12] Recent studies have shown that lncRNAs could be enriched in exosomes and be secreted from the tumor cells to the body fluids via exosomes, and its expression profiling could reflect the evolution process of tumor cells in real time.[@bib13] Studies have shown that the exosomes from chemo-sensitive/resistant cells could markedly influence chemo-response of receipt cells through the transfer of lncRNAs;[@bib14]^,^[@bib15] however, to this day, little is known on the biological function of secreted lncRNAs. In the present study, we show that exosomal lncRNA UCA1 is an important mediator of resistance to gefitinib in NSCLC. Moreover, UCA1 could function as a competing endogenous RNA (ceRNA) to regulate the expression of FOSL2 by competing for miR-143 binding. Our findings will provide new insights into the regulatory mechanisms of UCA1 in EGFR-TKIs of NSCLC.

Results {#sec2}
=======

UCA1 Is Significantly Upregulated in Gefitinib-Resistant NSCLC Cell Lines and NSCLC Patients {#sec2.1}
--------------------------------------------------------------------------------------------

To determine the expression levels of UCA1 in NSCLC, we analyzed the NSCLC dataset from The Cancer Genome Atlas (TCGA) database and found that the level of UCA1 was significantly upregulated in NSCLC tissue compared with normal lung tissue ([Figure 1](#fig1){ref-type="fig"}A). In addition, we performed the quantitative real-time PCR analysis to measure the levels of UCA1 in clinically enrolled NSCLC tissue. In agreement with other findings, highly expressed UCA1 was observed in the NSCLC samples compared with the normal adjacent lung tissue. Furthermore, we discovered that UCA1 expression was upregulated in the NSCLC patients who were diagnosed with gefitinib resistance (N = 46) compared with those who were sensitive to the gefitinib chemotherapy (N = 40) (p \< 0.001; [Figure 1](#fig1){ref-type="fig"}B). We further examined the different expression levels of UCA1 in NSCLC cell lines and found that UCA1 expression was enhanced in all NSCLC cells compared with that in 16HBE cells (p \< 0.01). Among these NSCLC cells, the expression of UCA1 was significantly higher in the gefitinib-resistant cell lines, HCC827GR and PC9GR (p \< 0.001; [Figure 1](#fig1){ref-type="fig"}C). In addition, we explored the association between UCA1 expression and NSCLC clinicopathological characteristics. Correlation regression analysis of 86 samples demonstrated that high expression of UCA1 was significantly correlated with tumor size (p = 0.001) and TNM stage (p = 0.003) ([Table 1](#tbl1){ref-type="table"}). Subsequently, Kaplan-Meier survival analysis from TCGA NSCLC datasets suggested that high UCA1 expression in NSCLC tissues is significantly associated with worse overall survival (OS) (log rank test, p = 0.003; [Figure 1](#fig1){ref-type="fig"}D). Thus, these results indicate that lncRNA UCA1 may be important for gefitinib resistance of NSCLC cells, and higher levels of UCA1 might be predictive of unfavorable prognosis in NSCLC.Figure 1UCA1 Is Preferentially Upregulated in NSCLCs with Gefitinib Resistance(A) UCA1 expression in lung cancer and normal samples from the TCGA RCC dataset. (B) Relative expression of UCA1 in the gefitinib-sensitive group (n = 40) and gefitinib resistance group (n = 48) in NSCLC patients. (C) Relative expression of UCA1 in a panel of NSCLC cell lines. (D) Kaplan-Meier analyses of the correlations between UCA1 expression and overall survival of 955 lung cancer patients from the TCGA RCC dataset. Log rank test was used to calculate p values. All tests were performed at least three times. Data were expressed as mean ± SD. \*\*\*p \< 0.001; \*\*p \< 0.01.Table 1Correlation between UCA1 Expression and Clinicopathological Characteristics of NSCLC PatientsOverall (n = 86)UCA1pLow (n = 320029High (n = 54)GenderMale4620260.264Age, y≥605222300.260Smoking StatusYes4418260.509Tumor Size≥4305300.001N StageN1--3236170.219TNM StageIII202180.003

Characterization of Exosomes Derived from HCC827GR and PC9GR Cells {#sec2.2}
------------------------------------------------------------------

Because exosomes are key mediators of cell-cell communication to promote cancer progression, we aimed to explore the exosome-based mechanism of gefitinib resistance. We initially isolated and characterized exosomes derived from HCC827GR and PC9GR cells. After isolation of exosomes by sequential centrifugation, transmission electron microscopy (TEM) analysis showed that isolated exosomes had similar morphologies (30--150 nm in diameter) and exhibited a round-shaped appearance ([Figure 2](#fig2){ref-type="fig"}A). The NTA results demonstrated that isolated exosomes showed a similar size distribution, and the peak size range was 80--135 nm. Western blot analysis confirmed the presence of four well-known exosomal markers, CD63, TSG101, Hsp 70, and Hsp 90 ([Figure 2](#fig2){ref-type="fig"}B). These results indicated that the exosomes were isolated successfully. We observed that UCA1 levels were significantly increased in the secreted exosomes of gefitinib-resistant HCC827GR and PC9GR cells, and this increase in the exosomes was more evident than that in the HCC827 and PC9 cells ([Figure 2](#fig2){ref-type="fig"}C). Additionally, we extracted exosomes from 86 serum samples from NSCLC patients who received gefitinib treatment, and our results showed that UCA1 expression was detectable in extracted serum exosomes and was more highly expressed in the gefitinib resistance group than the gefitinib-sensitive group (p \< 0.01; [Figure 2](#fig2){ref-type="fig"}D). These results suggested that UCA1 may act as not only an intracellular lncRNA but also an exosomal lncRNA, and implied that both exosomes and exosomal UCA1 may play potential roles in gefitinib resistance of NSCLC.Figure 2Characterization of Exosomes Derived from HCC827GR and PC9GR Cells(A) Transmission electron microscopy images of Exo/HCC827GR and Exo/PC9GR. (B) Western blotting analysis of the exosomal markers CD63, TSG101, Hsp 70, and Hsp 90 in Exo/HCC827GR and Exo/PC9GR. (C) Quantitative real-time PCR analysis of UCA1 expression in NSCLC cells and in their secreted exosomes. (D) UCA1 expression was detectable in extracted serum exosomes and was more highly expressed in the gefitinib resistance group than the gefitinib-sensitive group. (E) Quantitative real-time PCR analysis of intracellular UCA1 expression level in HCC827 and PC9 cells treated with extracted exosomes or PBS for 48 h. (F) Inhibitory concentration to produce 50% cell death of gefitinib-sensitive recipient cells cocultured with exosomes was higher than that of recipient cells without the addition of exosomes. All tests were performed at least three times. Data were expressed as mean ± SD. \*\*p \< 0.01.

To examine whether UCA1 regulates gefitinib resistance through the delivery of exosomes, we examined whether these exosomes could deliver UCA1 to recipient cells. As anticipated, quantitative real-time PCR revealed an increased expression of UCA1 in both recipient cells incubated with exosomes ([Figure 2](#fig2){ref-type="fig"}E). In order to further explore gefitinib resistance of exosomes, we added the exosomes isolated from HCC827GR and PC9GR into recipient cells for culture. Compared with recipient cells without the addition of exosomes, the addition of the exosomes promoted gefitinib-resistant or gefitinib-sensitive recipient cells ([Figure 2](#fig2){ref-type="fig"}F).

UCA1 Affect the Proliferation and Apoptosis of NSCLCs *In Vitro* {#sec2.3}
----------------------------------------------------------------

To further validate the expression level of UCA1 on gefitinib resistance, we performed loss- and gain-of-function studies by knocking down or overexpressing in NSCLC cells. HCC827GR and PC9GR cells were transfected with UCA1 small interference RNAs (siRNAs; respectively, si-UCA1\#1, si-UCA1\#2, or si-UCA1\#3) or empty vectors (scrambled siRNA control \[si-NC\]). We detected UCA1 expression at 48 h post-transfection by quantitative real-time PCR analysis to analyze knockdown efficiency, and revealed that si-UCA1\#3 had higher efficiency of interference than si-UCA1\#1 and si-UCA1\#2 groups (p \< 0.01; [Figure 3](#fig3){ref-type="fig"}A), so we chose si-UCA1\#3 subsequently for the following experiments. Meanwhile, we induced ectopic overexpression of UCA1 by transfecting HCC827 and PC9 cell lines with pcDNA-UCA1 expression vector (p \< 0.01; [Figure 3](#fig3){ref-type="fig"}B).Figure 3UCA1 Affect the Proliferation and Apoptosis of NSCLC *In Vitro*(A) Quantitative real-time PCR analysis of UCA1 in HCC827GR and PC9GR cells transfected with UCA1 siRNAs for 48 h. (B) Quantitative real-time PCR analysis of UCA1 in HCC827 and PC9 cells transfected with pcDNA-Control or pcDNA-UCA1 for 48 h. (C) CCK-8 assay showing UCA1 silencing suppressed the proliferation of HCC827GR cells in the presence of 1 μM gefitinib. (D) CCK-8 assay showing UCA1 silencing suppressed the proliferation of PC9GR cells in the presence of 1 μM gefitinib. (E) CCK-8 assay showing overexpression of UCA1 promoted the proliferation of HCC827 cells in the presence of 1 μM gefitinib. (F) CCK-8 assay showing overexpression of UCA1 promoted the proliferation of PC9 cells in the presence of 1 μM gefitinib. (G) Flow cytometry analysis of apoptosis in PC9GR and HCC827GR cells transfected with si-Control or si-UCA1 prior to the stimulation of 0.1 μM gefitinib treatment for 36 h. (H) Flow cytometry analysis of apoptosis in PC9 and HCC827 cells transfected with pcDNA-Control or pcDNA-UCA1 prior to the stimulation of 0.1 μM gefitinib treatment for 36 h. All tests were performed at least three times. Data were expressed as mean ± SD. \*\*p \< 0.01.

UCA1 silencing suppressed the proliferation of gefitinib-resistant cells in the presence of 1 μM gefitinib (p \< 0.01; [Figures 3](#fig3){ref-type="fig"}C and 3D), implying that UCA1 promotes proliferation in gefitinib-resistant cells. However, after overexpression of UCA1, the growth rates of HCC827 and PC9 cells were significantly increased compared with the control group (p \< 0.01; [Figures 3](#fig3){ref-type="fig"}E and 3F). To further confirm the effect of UCA1 on gefitinib resistance, we analyzed rates of apoptosis using Annexin V-allophycocyanin (APC)/DAPI double staining and flow cytometry. In the presence of 1 μM gefitinib, silencing of UCA1 promoted the gefitinib-induced cell apoptosis of gefitinib-resistant cells (p \< 0.01; [Figure 3](#fig3){ref-type="fig"}G; [Figure S1](#mmc1){ref-type="supplementary-material"}A). However, cell apoptosis assays revealed that following UCA1 overexpression, the apoptosis of HCC827 and PC9 cells in the presence of 1 μM gefitinib was significantly decreased compared with the control group (p \< 0.01; [Figure 3](#fig3){ref-type="fig"}H; [Figure S1](#mmc1){ref-type="supplementary-material"}B).

Knockdown of UCA1 Enhances Gefitinib Sensitivity *In Vivo* {#sec2.4}
----------------------------------------------------------

To evaluate the function of UCA1 in gefitinib resistance *in vivo*, we subcutaneously administered PC9GR-sh-NC and PC9GR-sh-UCA1 cells in both posterior flanks of male BALB/c nude mice. sh-UCA1 plus gefitinib decreased tumor volumes and weights compared with the LV-NC plus gefitinib group, and no significance of tumor volumes and weights was found between the sh-UCA1 group and LV-NC group without gefitinib treatment ([Figures 4](#fig4){ref-type="fig"}A and 4B). Consistent with this, sh-UCA1 plus gefitinib decreased the percentage of proliferating Ki67-positive cells compared with the LV-NC plus gefitinib group ([Figure 4](#fig4){ref-type="fig"}C). These findings suggested that UCA1 could modulate gefitinib sensitivity *in vivo*.Figure 4Knockdown of UCA1 Enhances Gefitinib Sensitivity *In Vivo*(A) The tumor volume curve of nude mice was analyzed. (B) The tumor weights of nude mice were measured. (C) sh-UCA1 plus gefitinib decreased the percentage of proliferating Ki67-positive cells compared with the LV-NC plus gefitinib group. \*\*p \< 0.01.

UCA1 Functioned as a Molecular Sponge of miR-143 in NSCLC Cells {#sec2.5}
---------------------------------------------------------------

Up to now, accumulating evidence indicated that lncRNAs exerted the function by interacting with miRNAs. Therefore, to investigate the effect of UCA1 on the expression of miRNAs, the bioinformatics prediction analysis was performed by the miRcode website. As shown in [Figure 6](#fig6){ref-type="fig"}A, miR-143 harbors a complementary binding sequence of UCA1. In order to further validate the interaction, we cloned the UCA1 sequence containing the putative or mutated miR-143 binding site into the downstream of luciferase reporter gene, generating wild-type (WT)-UCA1 or mutant (MUT)-UCA1 luciferase reporter plasmids. Then the effect of miR-143 on WT-UCA1 or MUT-UCA1 luciferase reporter systems was determined. The results showed that miR-143 mimic considerably reduced the luciferase activity of the WT-UCA1 luciferase reporter vector compared with negative control, whereas miR-143 mimic did not pose any impact on the luciferase activity of MUT-UCA1-transfected cells (p \< 0.01; [Figure 5](#fig5){ref-type="fig"}B). In a further RNA immunoprecipitation (RIP) experiment, UCA1 and miR-143 simultaneously existed in the production precipitated by anti-AGO2 (p \< 0.01; [Figure 5](#fig5){ref-type="fig"}C), suggesting that miR-143 is UCA1-targeting miRNA. These outcomes indicated that the interaction of UCA1 and miR-143 was realized by the putative binding site.Figure 5UCA1 Functions as a Molecular Sponge of miR-143 in NSCLC Cells(A) starBase v.2.0 results showing the sequence of UCA1 with highly conserved putative miR-143 binding sites. (B) miR-143 mimic considerably reduced the luciferase activity of the WT-UCA1 luciferase reporter vector compared with negative control, whereas miR-143 mimic did not pose any impact on the luciferase activity of MUT-UCA1-transfected cells. (C) UCA1 and miR-143 simultaneously existed in the production precipitated by anti-AGO2. (D) Relative expression of miR-143 in the gefitinib-sensitive group and gefitinib resistance group in NSCLC patients. (E) Relative expression of miR-143 in a panel of NSCLC cell lines. All tests were performed at least three times. Data were expressed as mean ± SD. \*\*p \< 0.01.

Next, we measured the levels of miR-143 expression in NSCLC patient tissues and cell lines. As shown in [Figure 5](#fig5){ref-type="fig"}D, lower miR-143 expression was observed in gefitinib-resistant NSCLC patients compared with those in gefitinib-sensitive NSCLC patients. The expression of miR-143 was obviously decreased in gefitinib-resistant cells compared with that in gefitinib-sensitive cells, indicating the opposite result to UCA1 expression ([Figure 5](#fig5){ref-type="fig"}E).

Subsequently, the effect of UCA1 on miR-143 expression was also observed in NSCLC cells. The results manifested that knockdown or overexpression of UCA1 significantly affected miR-143 expression ([Figures 6](#fig6){ref-type="fig"}A and 6B). We further performed rescue assays to confirm how the UCA1/miR-143 pathway modulated gefitinib resistance in NSCLC cells. We transfected miR-143 mimics or inhibitor into NSCLC cell lines, and the proliferation curves were performed. Our results showed that miR-143 overexpression markedly inhibits the cell growth in gefitinib-resistant cells when compared with cells transfected with scrambled mimic control (miR-NC), whereas HCC827 and PC9 cells transfected with miR-143 inhibitor grew at a dramatically higher rate as compared with controls ([Figures 6](#fig6){ref-type="fig"}C--6F). Collectively, these data indicate that the UCA1/miR-143 pathway contributes to gefitinib resistance in gefitinib-resistant cell lines that overexpress UCA1.Figure 6The Effect of UCA1 on miR-143 Expression(A) Silencing of UCA1 increased the expression level of miR-143 in PC9GR and HCC827GR cells. (B) Overexpression of UCA1 decreased the expression level of miR-143 in PC9 and HCC827 cells. (C) CCK-8 assay showing miR-143 overexpression markedly inhibits the cell proliferation of HCC827GR cells in the presence of 1 μM gefitinib. (D) CCK-8 assay miR-143 overexpression markedly inhibits the cell proliferation of PC9GR cells in the presence of 1 μM gefitinib. (E) CCK-8 assay showing miR-143 inhibitor promoted the proliferation of HCC827 cells in the presence of 1 μM gefitinib. (F) CCK-8 assay showing miR-143 inhibitor promoted the proliferation of PC9 cells in the presence of 1 μM gefitinib. All tests were performed at least three times. Data were expressed as mean ± SD. \*\*p \< 0.01.

FOSL2 Was a Direct Target of miR-143 {#sec2.6}
------------------------------------

To investigate the molecular mechanism and genes targeted by miR-143, we used four target genes prediction websites (DIANA-microT, miRDB, TargetMiner, and miRanda) to predict potential target genes of miR-143. The result demonstrated that FOSL2 was a candidate target of miR-143 ([Figure 7](#fig7){ref-type="fig"}A). To further validate the inference, we conducted a WT or MUT FOSL2 3′ UTR luciferase reporter vector. FOSL2-WT or FOSL2-MUT was co-transfected with miR-143 mimics or negative control into cells. The relative luciferase activity was remarkably reduced in cells co-transfected with the FOSL2-WT luciferase reporter and miR-143 mimic compared with in the negative control cells. However, inhibitory effects were abolished when 3′ UTRs that contained both mutant-binding sites were co-transfected with miR-143, confirming that FOSL2 is a target of miR-143 (p \< 0.01; [Figure 7](#fig7){ref-type="fig"}B).Figure 7FOSL2 Was a Direct Target of miR-143(A) Bioinformatics analysis revealed the predicted binding sites between FOSL2 and miR-143. (B) Luciferase reporter assay demonstrated miR-143 mimics significantly decreased the luciferase activity of FOSL2-WT in NSCLC cells. (C) IHC analysis of FOSL2 in the gefitinib-sensitive group in NSCLC patients and the gefitinib resistance group. (D) Relative expression of FOSL2 in a panel of NSCLC cell lines. (E) Overexpression of miR-143 significantly decreased the protein expression of FOSL2 in PC9 cells. (F) The effect of knockdown UCA1 on mRNA levels of FOSL2 was attenuated by miR-143 inhibitor. (G) The effect of knockdown UCA1 on protein levels of FOSL2 was attenuated by miR-143 inhibitor. All tests were performed at least three times. Data were expressed as mean ± SD. \*\*p \< 0.01.

We examined FOSL2 expression in NSCLC tissues and cell lines. The results of immunohistochemistry (IHC) showed that FOSL2 expression in gefitinib-resistant NSCLC patient tissues was significantly upregulated compared with that in gefitinib-sensitive NSCLC patient tissues. We discovered that FOSL2 overexpression was observed in 35 of 46 (76.09%) NSCLC patients who were diagnosed with gefitinib resistance when compared with NSCLC patients who were sensitive to the gefitinib chemotherapy (11 of 40, 27.50%); the difference of FOSL2 expression was statistically significant (p \< 0.001; [Figure 7](#fig7){ref-type="fig"}C). The expression of FOSL2 was obviously increased in gefitinib-resistant cells compared with that in gefitinib-sensitive cells (p \< 0.01; [Figure 7](#fig7){ref-type="fig"}D). Subsequently, the actual impacts of miR-143 on FOSL2 expression were detected by immunoblotting assays. Our results showed that enforced expression of miR-143 significantly diminished protein expression of FOSL2 in PC9 cells ([Figure 7](#fig7){ref-type="fig"}E). Furthermore, UCA1 knockdown could suppress FOSL2 expression, whereas a miR-143 inhibitor attenuated the effect of inhibition of UCA1 ([Figures 7](#fig7){ref-type="fig"}F and 7G).

Discussion {#sec3}
==========

Emerging evidence shows that dysregulation of lncRNAs plays important roles in biological and pathological processes.[@bib16] Using a cohort of NSCLC patients, Nie et al. indicated that UCA1 might be an attractive biomarker for risk prognostication, and that NSCLC patients with UCA1 overexpression should receive appropriate adjuvant radiochemotherapy after lesion resection.[@bib10] lncRNA UCA1 can induce acquired resistance to EGFR-TKIs via cell apoptosis and activation of the phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway in EGFR mutant lung cancer.[@bib17] Zhang et al.[@bib18] found that knockout of lncRNA UCA1 inhibits drug resistance to gefitinib via targeting STAT3 signaling in NSCLC. However, the function of the UCA1-miRNA-mRNA regulatory network in gefitinib resistance in NSCLC has not been investigated. Exosomal lncRNAs function as messengers in cell-to-cell communication, and thus remodel the tumor microenvironment.[@bib19] Exosomes derived from cancer cells have been reported to modulate drug resistance of recipient sensitive cells. Inspired by these studies, we hypothesized that extracellular UCA1 promoted gefitinib resistance through incorporation into exosomes. To validate this hypothesis, we identified that UCA1 was mainly in exosomes, and found that UCA1 was increased in gefitinib-resistant cells and patient tissues, and extracellular UCA1 promoted gefitinib resistance of NSCLC cells by packaging into exosomes. Specifically, we also showed mechanistically that UCA1 provokes gefitinib resistance of NSCLC by sponging miR-143. Bioinformatics analysis predicted that there is a UCA1/miR-143/FOSL2 axis in gefitinib resistance of NSCLC. Dual-luciferase reporter system and RIP assay validated the direct interaction of UCA1, miR-143, and FOSL2. Thus, our observations unravel a novel therapeutic strategy against TKIs resistance by targeting of the UCA1/miR-143 pathway.

lncRNA UCA1 was found to participate in regulating cancer progression and gefitinib resistance of NSCLC.[@bib17]^,^[@bib18] In agreement with these studies, we found that overexpression of UCA1 contributed to gefitinib resistance of NSCLC cells. Upregulated UCA1 expression was observed in gefitinib-resistant NSCLC patients compared with gefitinib-sensitive NSCLC patients. In addition, exosomal lncRNAs have been reported as potential cancer biomarkers,[@bib20]^,^[@bib21] suggesting that exosomal lncRNAs can be potential biomarkers for identifying cancers. Here, we performed TEM to reveal the shapes and size of exosomes from two gefitinib-resistant cell lines, HCC827GR and PC9GR. Exosomes were also verified using the exosome markers TSG101 and CD63. To further validate the expression level of UCA1 on gefitinib resistance, we performed loss-of-function studies by knocking down UCA1 in HCC827GR and PC9GR cells. Meanwhile, we upregulated the UCA1 expression in gefitinib-sensitive NSCLC cells by establishing UCA1-overexpressing cell lines. Suppression of UCA1 significantly reduced cell growth and promoted cell apoptosis of gefitinib-resistant cells in the presence of 1 μM gefitinib, compared with negative control-transfected cells. However, UCA1 overexpression promoted the gefitinib-induced cell apoptosis and cell mobility of gefitinib-sensitive NSCLC cells under gefitinib treatment.

A growing volume of literature has proposed that lncRNAs mainly act as a miRNA sponge to exert their post-transcriptional functions as ceRNAs, which is more effective than the traditional anti-miRNA approach. Bioinformatics analysis (starBase 2.0, RNA22) of miRNA recognition sequences on UCA1 revealed the presence of more than 30 miRNAs binding sites. Among them, miR-143 stood out through detailed survey. To further confirm the underlying molecular mechanisms involved, we performed the RIP and luciferase assays, and found the direct binding ability of the miR-143 response elements on the full-length UCA1 transcript. Compared with circular RNAs (circRNAs), miRNAs have been well studied. Many studies have documented that dysregulation of miRNA is closely associated with tumorigenesis. miRNAs inhibit target protein translation by interacting with the untranslated region (3′ UTR) of target mRNAs.[@bib22] To date, miRNAs have been proved to act as either tumor suppressors or oncogenes in cancer initiation and development of NSCLC. Further analysis demonstrated that miR-143 can regulate FOSL2 protein expression by direct targeting with the 3′ UTR of FOSL2. FOSL2 belongs to the AP-1 transcription factor family, which includes the various isoforms of Fos and Jun.[@bib23] The various FOS proteins play key roles in distinct developmental, physiological, and pathological processes.[@bib24] Wang et al.[@bib25] found that FOSL2 facilitates TGF-β1-induced migration by interaction with Smad3 in NSCLC and suggests FOSL2 as a potential therapeutic target for NSCLC. In our study, FOSL2 expression was significantly upregulated in gefitinib-resistant NSCLC patient tissues and gefitinib-resistant cells. The aberrantly downregulated miR-143 accompanied by upregulated FOSL2 in gefitinib-resistant NSCLC may be potentially used for a novel therapeutic strategy against TKIs resistance of NSCLC patients.

In summary, our study reports that UCA1 promoted gefitinib resistance of NSCLC cells by packaging into exosomes. Mechanistically, UCA1 functions as a sponge to counteract the role of miR-143 in regulating FOSL2 expression. These findings illustrated a novel mechanism for understanding TKIs resistance in NSCLC and suggest that UCA1/miR-143 has a potential therapeutic value for the treatment of TKI-acquired resistance in NSCLC.

Materials and Methods {#sec4}
=====================

TCGA Dataset Analysis {#sec4.1}
---------------------

The data and the corresponding clinical information of patients were collected from TCGA database (<http://cancergenome.nih.gov/>). We used the edgeR package of R packages to perform the difference analysis (<http://www.bioconductor.org/packages/release/bioc/html/edgeR.html>) and used the pheatmap package of R packages to perform the cluster analysis (<https://cran.r-project.org/web/packages/pheatmap/index.html>). Sva R package was used to remove the batch effect. Genes with adjusted p values \<0.05 and absolute fold changes (FCs) \>1.5 were considered differentially expressed genes. Kaplan-Meier survival curves were drawn to analyze the relationships between genes and OS in the survival package. The corresponding statistical analysis and graphics were performed in R software (R version 3.3.2).

Clinical Specimens {#sec4.2}
------------------

Eighty-six paired NSCLC tissues and matched adjacent normal tissues were obtained from Cancer Center, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology between 2010 and 2016. All patients recruited in this study were not subjected to preoperative radiotherapy and/or chemotherapy and were diagnosed with infiltrating carcinoma by pathologists. For all patients, histological type and grade of cancer cell differentiation were reevaluated and determined by the classification system of the World Health Organization modified in 2004, and postsurgical pathological staging was determined based on the international staging system. Tumor specimens and corresponding adjacent normal tissues were collected and stored in liquid nitrogen until use. For exosome purification, serum samples were collected from these 86 patients. The study was approved by the medical ethics committee of Huazhong University of Science and Technology. The informed consent was obtained from all participants. The research has been carried out in accordance with the World Medical Association Declaration of Helsinki.

Cell Culture {#sec4.3}
------------

The NSCLC cell lines (HCC827 and PC9) and human bronchial epithelial cells (16HBE) were obtained from the Cell Culture Center, Chinese Academy of Medical Sciences (Beijing, China). HCC827GR and PC9GR cells were generated by continually exposing to stepwise increased concentration of gefitinib over a period of 24 months. Cell lines were cultured in DMEM or RPMI 1640 (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS; HyClone), penicillin, and streptomycin (Thermo Fisher Scientific) at 37°C in 5% CO~2~.

Exosome Isolation {#sec4.4}
-----------------

The plasma and culture medium were collected and centrifuged at 3,000 × *g* for 15 min to remove cells and cellular debris. Exosomes were isolated using the ExoQuick exosome precipitation solution (System Biosciences).

TEM {#sec4.5}
---

Exosomes were suspended in 100 μL of PBS and were fixed with 5% glutaraldehyde at incubation temperature and then maintained at 4°C until TEM analysis. According to the TEM sample preparation procedure, we placed a drop of exosome sample on a carbon-coated copper grid and immersed it in 2% phosphotungstic acid solution (pH 7.0) for 30 s. The preparations were observed with a transmission electron microscope (Tecnai G2 Spirit Bio TWIN; FEI, USA).

Western Blotting {#sec4.6}
----------------

To identify exosome markers, we purchased primary antibodies against CD63 and TSG101 from Abcam (Cambridge, UK), and primary antibodies against Hsp 70 and Hsp 90 were obtained from Cell Signaling Technology (CST, Beverly, MA, USA). The secondary antibodies were F(ab)^2^ fragments of donkey anti-mouse immunoglobulin or donkey anti-rabbit immunoglobulin linked to horseradish peroxidase (Jackson ImmunoResearch, USA). Immunoblotting reagents from an electrochemiluminescence kit were used (Amersham Biosciences, Uppsala, Sweden).

RNA Isolation and Quantitative Real-Time PCR {#sec4.7}
--------------------------------------------

The total RNA was isolated from tissues and cell lines using TRIzol reagent (Invitrogen, CA, USA), and exosomal RNA was extracted from plasma and culture medium using the exoRNeasy Midi Kit (QIAGEN, Valencia, CA, USA) according to the manufacturer's protocol. The cDNA was synthesized using a high-capacity cDNA reverse transcription kit (Thermo Fisher Scientific, Vilnius, Lithuania). Quantitative real-time PCR was conducted with an ABI 7900 system (Applied Biosystems, CA, USA) and SYBR Green assays (TaKaRa Biotechnology, Dalian, China). We chose glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to normalize lncRNA expression levels. The fold change in the expression of lncRNA was calculated with the formula 2^−ΔCT^.

Cell Transfection {#sec4.8}
-----------------

To construct UCA1 overexpression plasmid, the full length of UCA1 cDNA sequence was amplified, cloned into pcDNA vector (Invitrogen), and sequenced, named as pcDNA-UCA1 (UCA1). Three specific siRNAs targeting UCA1 (si-UCA1\#1, si-UCA1\#2, and si-UCA1\#3) and si-NC were obtained from GenePharma (Shanghai, China). miR-143 mimic (miR-143) and miR-NC were purchased from RiboBio (Guangzhou, China). All of these plasmids and oligonucleotides were transfected into cells by Lipofectamine 2000 reagent (Invitrogen) following the manufacturer's instructions.

Cell Proliferation Assay {#sec4.9}
------------------------

Cell Counting Kit-8 (CCK-8) assay (DOJINDO, Japan) was used for the CCK-8 assay, as previously described. In brief, cells were plated in 96-well plates at 5.0 × 10^3^/well and treated with the indicated concentration of gefitinib and/or mimics or plasmid for 24 h after transfection. To test the cell proliferation, 10 μL of CCK-8 reagent was added to each well and incubated for 2 h at 37°C. Then the absorption was evaluated by a microplate reader at 450 nm (Tecan, Switzerland).

Cell Apoptosis Analysis {#sec4.10}
-----------------------

Cells were stimulated with 0.1 μM gefitinib and transfected with indicated mimics or plasmid for 36 h. The cells were harvested and stained with Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) (KeyGEN Biotech, Nanjing, China) according to the instructions of the manufacturer. Then the cells were acquired by flow cytometry (FACScan; BD Biosciences, USA) and analyzed by FlowJo 7.6.1.

Xenograft Assay {#sec4.11}
---------------

Five-week-old male BALB/c nude mice were raised in specific pathogen-free conditions and manipulated in line with protocols authorized by the animal center of Capital Medical University. Mice were randomly divided into two groups (n = 4/group): control group and shUCA1 group. Tumor volumes (π/6 × minor axis2 × major axis) were inspected every 7 days as the implantations begin to develop bigger. All mice were killed after 5 weeks of injection, and the tumors were excised, weighed, and paraffin embedded. All experimental procedures took place at the animal center of Capital Medical University and were approved by the Institutional Animal Care and Use Committee.

Luciferase Reporter Assay {#sec4.12}
-------------------------

For dual-luciferase assay, the full length of UCA1 was cloned into pmirGLO vector, following firefly luciferase coding region. Cells (5 × 10^3^) were seeded into 96-well plates and co-transfected with corresponding plasmids and miRNA mimics or inhibitors using the Lipofectamine 2000 transfection reagent. Luciferase activity was measured using the dual-luciferase reporter assay system (Promega, Madison, WI, USA) after 48 h of incubation according to the manufacturer's instructions. Independent experiments were performed in triplicate. Relative luciferase activity was normalized to the Renilla luciferase internal control.

RIP Assay {#sec4.13}
---------

RIP assay was performed using an EZ-Magna RiP Kit (Millipore, Billerica, MA, USA) in accordance with the manufacturer's instructions. Cells were lysed at 70%--80% confluence in RIP lysis buffer and then incubated with magnetic beads conjugated with human anti-Ago2 antibody (Millipore) and normal mouse IgG control (Millipore) in RIP buffer. The RNAs in the immunoprecipitates were isolated with TRIzol reagent and analyzed by quantitative real-time PCR.

IHC {#sec4.14}
---

For each patient sample, three paraffin sections of 5 μm were prepared, one for hematoxylin and eosin (H&E) staining and the other two for IHC staining. PBS instead of primary antibodies was used for negative control, and the breast cancer tissue was used for positive control. Sections were dewaxed using xylene, followed by hydration with ethanol solutions and addition of EDTA for antigen retrieval. Later, sections were blocked with normal goat serum for 30 min to eliminate non-specific binding. Sections were incubated with anti-human FOSL2 polyclonal antibody (1:1,000; Abcam, Cambridge, MA, USA). Sections were then incubated with biotin-labeled secondary antibodies for 30 min at room temperature, followed by staining with diaminobenzidine (DAB). Finally, the sections were counterstained with hematoxylin. The result of staining was determined by two doctors who did not know the clinical condition of patients. The proportions of positive cells of 0%, 1%--5%, 6%--25%, 26%--75%, and 76%--100% were assigned with scores of 0, 1, 2, 3, and 4, respectively. Scores of 0--2 were considered as negative expression, and scores of 3--4 were considered as positive expression.

Statistical Analysis {#sec4.15}
--------------------

Data are presented as mean ± standard deviation (SD) from at least three separate experiments. Student's t test was performed to measure the difference between two groups, and differences between more than two groups were assessed using one-way ANOVA. p \< 0.05 was considered significant.

Ethical Approval and Consent to Participate {#sec4.16}
-------------------------------------------

The study was approved by Tongji Medical College, Huazhong University of Science and Technology. The informed content was obtained from all participants. The research has been carried out in accordance with the World Medical Association Declaration of Helsinki.

The NSCLC cell lines (HCC827 and PC9) and human bronchial epithelial cells (16HBE) were obtained from the Cell Culture Center, Chinese Academy of Medical Sciences (Beijing, China).
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